The chemical modification of phosphoenolpyruvate carboxylase purified from Crassula argentea leaves was studied using the fluorescence of the extrinsic probe 8-anilino-1-napthalenesulfonate. The effects of ligands on kinefic parameters of phosphoenolpyruvate carboxylase activity, and its response to pH and metal cations, were associated with the binding of the ligands to the enzyme as measured by fluorescence. Binding of the ligands phosphoenolpyruvate, malate, and glucose-6-phosphate revealed by fluorescence measurements corresponds to competitive phenomena observed in kinetic studies. The fluorescence measurements also suggest the involvement of specific amino acids in the binding of a given ligand. Arginyl residues modified by 2,3-butanedione appear to be directly involved in the binding of phosphoenolpyruvate and malate to the active and the inhibition sites, respectively. A histidyl residue was involved in the binding of malate, accounting for the lack of inhibition by malate in kinetic studies of the enzyme treated with diethylpyrocarbonate. Although activity was lost, there was no decrease in the ability of the treated enzyme to bind phosphoenolpyruvate, suggesting that additional histidyl residues are essential for activity although not directly involved in the binding of phosphoenolpyruvate. The lysine reagent trinitrobenzenesulfonate caused a loss of activity and a reduction in malate inhibition and glucose-6-phosphate activation, but these modifications were not related to changes in the ability of the enzyme to bind any of the three ligands. This suggests that lysine residues were not directly involved in the binding of these ligands.
. The activity of PEPC is controlled in part by the relative levels of malate and Glc-6-P, respectively inhibitor and activator, of the enzyme reaction (1 1, 13-15, 19, 22) . Studies 2Abbreviations: PEPC, phosphoenolpyruvate carboxylase; Aces, N(2-acetamido)-2-aminoethanesulfonic acid; ANS, 8-anilino-1-napthalenesulfonate; DEPC, diethylpyrocarbonate; Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; PEP, phosphoenolpyruvate; TNBS, trinitrobenzenesulfonic acid; Glc-6-P, glucose-6-phosphate. sula argentea, a CAM plant, have led to the suggestion that at least three distinct sites are involved in the binding of PEP and these regulatory ligands (17) . The active site, in addition to PEP, also binds phosphate and organic phosphates with negative charges adjacent to the terminal phosphate, competitively inhibiting PEP (8) . Other organic phosphates, such as Glc-6-P, can bind to the activation site (20) without the structural restrictions required for the active site. Finally, the inhibition site preferentially accommodates organic acids with dicarboxylic acid functional groups spaced two carbons apart (8) . This picture was further complicated by the potential binding of these organic acids to the active site, resulting in a competitive inhibition with PEP (8) . Therefore, the binding of organic acids, such as malate, to PEPC can result in a mixed-type inhibition in which competitive inhibition is invariably found but in which a decrease of the Vm. (noncompetitive inhibition) also may occur (17, 22) . Moreover, PEP and malate are potentially able to affect the enzyme activity through changes in the aggregation of the enzyme (23) (24) (25) . Such changes may be mediated through additional binding sites on the enzyme.
Chemical modification studies of the C4 enzyme imply that at least three amino acids, arginine, histidine, and lysine, are involved in the activity of PEPC (1, 4, 5, 9, 12, 15, 17) . The effect of the arginyl reagent 2,3-butanedione on the activity and regulatory properties of the CAM enzyme, and the protection against inactivation afforded by PEP and malate, suggest that arginyl residues were involved in both the active site and the noncompetitive inhibition site (17) . The effect of a histidyl-selective reagent, DEPC, suggests a specific role for histidine in the binding of malate to the noncompetitive inhibition site of the enzyme (10) . Finally, it has been shown that PEPC was specifically sensitive to proteinases known to attack at the carbonyl end of lysine, such as trypsin, papain, or bromolain, being less sensitive to proteinases that could not attack lysine (18) . Furthermore, the preincubation of the enzyme with phosphoenolpyruvate significantly reduced proteolysis of the enzyme (18) . PEPC prepared from C4 plants has also been shown to contain an essential lysine residue (15) .
Using the well known fluorophore ANS as an extrinsic probe for PEPC purified from C. argentea leaves, we have observed that this amphipathic molecule is added to hydrophobic regions of the enzyme with a large increase of its fluorescence (20) . The complex thus formed responded to further ligand-protein interactions, causing displacement of the noncovalently bound ANS and an associated loss of fluorescence.
We have used an ANS-PEPC complex to report the binding of ligands and the effect of specific chemical modifications on that binding.
MATERIALS AND METHODS

Enzyme Preparation
PEPC was purified by the method previously described (8) from fully developed leaves of field-grown Crassula argentea Thunb. harvested in the early afternoon (day-form enzyme). The purified enzyme has a specific activity of 23.1 units/mg and shows only one band on an SDS-PAGE gel. Aliquots of the concentrated enzyme, stored at -70°C in 50 mm Hepes, 1 mm DTT, and 1 mm EDTA, were diluted in buffer for assay. Protein concentration was measured by the method of Bradford (2) .
Assay of Enzyme
Activity of purified PEPC was determined with the modified assay of Meyer et al. (7) . The standard assay medium (1 mL) contained 54 mm Aces (pH 7.0), 5.3 mM NaHCO3, 0.24 mM NADH, 5.5 mm MgAces, 4 units each of malate dehydrogenase and lactate dehydrogenase, plus substrate and effectors as required.
Assays were based on total concentrations (free plus complexed) ofanions and Mg-added as MgAces (20, 22 )-except as otherwise indicated. Reactions were started by addition of the enzyme. Rates were calculated during the first 1.5 min and were found linear with correlation coefficients greater than 0.995. Kinetic parameters were obtained using a modified Michaelis-Menten equation (7) .
Chemical Modifications of PEPC Modification of arginyl residues was carried out as previously described (17), using 2,3-butanedione (diacetyl) in the presence of 5 mM borate. This latter compound was used to stabilize the cis-diol, dihydroxyimidazoline complex formed between the guanidino group of the arginyl residue and 2,3-butanedione (16) . Borate confers specificity on the butanedione reaction and enhances its rate. Histidyl residues were modified using DEPC dissolved in absolute ethanol and diluted in 50 mm Hepes buffer (pH 7.2) with 1% ethanol to form the N-carbethoxy-histidyl derivative (10) . Modification of lysyl residues with trinitrobenzenesulfonate (picrylsulfonic acid Na salt) was carried out as described above for the arginyl residues with the following modifications. Before working with this potential sulfhydryl reagent, DDT was removed from PEPC samples using a Biogel P-6 desalting gel (3 mL capacity) purchased from Sigma (Econo-Pac 1ODG; column). The lysyl residues were chemically modified in 50 mM Hepes/ glycine buffer (pH 8.0); this buffer was selected to increase the rate of the chemical modification of lysine (3) .
With the inactivation by different chemical modifiers, samples were removed at given times and rapidly assayed for measurement of activity or apparent ligand binding.
Fluorescence Measurements
The fluorescence of the extrinsic fluorophore ANS was measured with a Perkin Elmer LS-5 spectrofluorimeter in a 3-mL cuvette thermostated at 25°C and magnetically stirred (19) . ANS was excited at 350 nm (slit = 5 nm) and emission was measured at 490 nm (slit = 15 nm). The 2.5-mL reaction medium contained 2 mM MgAces and 10 mM Hepes (pH 7.0), except as otherwise indicated. ANS was 50 nm and the protein concentration about 50 nm assuming a mol wt of 400,000 (tetramer form) for PEPC. All additions during the course of the experiments were of buffered solutions containing 2 mm MgAces. Fluorescence data were analyzed using a modified Michaelis-Menten equation:
where A emission is the observed change in fluorescence, [L] the concentration of the ligand, n a cooperativity coefficient, and Kd the dissociation constant of the ligand-protein complex (20) .
Enzymes and Chemicals
All enzymes and chemicals were of the highest purity commercially available. PEP (trisodium salt), 2,3-butanedione, TNBS, DEPC, and ANS were from Sigma. L-Malate (disodium) was from Aldrich, Glc-6-P (disodium salt), pig heart malate dehydrogenase (EC 1.1.1.37), and hog muscle lactate dehydrogenase (EC 1.1.1.27) were from Boehringer Mannheim.
RESULTS pH and Metal Ion Effects on PEP Binding to PEPC
To determine the optimal conditions for detecting changes in binding properties of PEPC with chemical modifications, we first studied the effect of pH and metal cations on the binding of PEP (Fig. lA) . At high pH (above 8.5), a nearly total dependence of PEP binding on the presence of added magnesium was observed; more than 1000% increase of PEP binding was found when magnesium was present. The dependence on magnesium progressively decreased as the pH of the experimental medium was lowered. At pH 6.5, the binding of PEP to the enzyme was not affected by the presence of magnesium. Even with magnesium, much less PEP was bound to the enzyme at high pHs (at pH 8.5 only 15% ofthat bound at pH 6.5) (Fig. IA, inset ). The changes in pH also affected the initial fluorescence ofANS (about 25% less at pH 8.5 than at pH 6.5). When corrected for this initial decrease of fluorescence, PEP binding at pH 8.5 still represented only 20% of the binding measured at pH 6.5. These changes in binding ability of the enzyme depending on pH corresponded to simultaneous changes in the kinetic parameters of the PEPC reaction (Fig. IB) . At high pH values, the enzyme showed a low affinity for its substrate, indicated by the increased Km and low value of the Vmax/Km ratio. These experiments reinforced our previous studies suggesting strong changes in the binding properties of PEPC at different pHs accompanied by a change in the metal requirement (12, 17, 21, 22 When Glc-6-P was added after malate ( Fig. 2A, trace c) , no detectable change in the fluorescence of ANS could be measured. Conversely, when malate was added after Glc-6-P, it caused a further but transient decrease in fluorescence (trace d). As the chemical inactivation of the malate binding site by DEPC will establish (Fig. 3) , these observations should be ascribed to a decreased ability ofGlc-6-P to bind to the malatesaturated enzyme, and to the progressive exclusion of Glc-6-P from the enzyme surface caused by the binding of malate to the inhibition site, respectively. Moreover, this interpretac-6-P Figure 2 . Fluorescence measurements (A) of 1.2 the binding of PEP, malate and GIc-6-P to PEPC purified from C. argentea leaves and kinetic measurements (B). All experimental conditions as described in tion was fully corroborated by kinetic studies (Fig. 2B) . When Glc-6-P was added to an enzyme already inhibited by malate (trace a), the rate measured (1.2 nmol/min) represented 4% of the rate measured without malate (29.6 nmol/min, trace d), demonstrating that Glc-6-P was unable to release malate inhibition. Similarly, when both ligands were added, the rate measured corresponded to the activity ofan inhibited enzyme (1.4, trace f). Next, when malate was added after Glc-6-P, it gradually caused a very pronounced inhibition (about 90% after 6 min, trace b). Only when malate was added after Glc-6-P was a gradual phenomenon observed (trace b), and this corresponded to what was observed in the fluorescence study ( Fig. 2A, trace d) . The small difference in the time required to attain the steady-state after malate addition, when comparing fluorescence recording ( Fig. 2A , trace d) and activity measurement (Fig. 2B, trace b) , could be attributed to the presence of PEP necessary for the kinetic measurement, known to counter malate effects on PEPC (22) . It has been suggested that PEP binds to the activation (Glc-6-P binding) site (8, 17) . This is illustrated in the two last traces ( Fig. 2A) , which show that Glc-6-P reduced the decrease of fluorescence of ANS observed upon PEP addition (comparison between traces e and a or f) by 36%. The PEPsaturated enzyme did not further respond to Glc-6-P addition (trace f). The binding of PEP or Glc-6-P to the activation site thus represents a decrease of about 35% (maximum) of initial ANS fluorescence, compared with 20% for saturation of the active site or of the (noncompetitive) inhibition site by PEP and malate, respectively. If the effects of the binding at the three sites are additive, the full saturation of the three sites should correspond to a total decrease of about 75% of the initial ANS fluorescence. Such a decrease was observed when saturation was experimentally attained with the simultaneous presence of PEP (which binds both the active and activation site) and malate (which binds to the inhibition site) (traces a and b).
The quantitative parameters of the binding of the ligands were next determined from fluorescence measurements and compared with the values obtained for related kinetic parameters. Whatever the considered ligand, comparable values were obtained for the Kd and the kinetic constants of the enzyme. For PEP, the Kd = 0.06 mm, the Km 0.08 mM; for malate, the Kd = 0.19 mm, Ki = 0.12 mM; and for Glc-6-P, the Kd = 0.08 mm and the Ka = 0.08 mM.
Chemical Modification of Arginyl Residues
The effect of chemical modification of the arginyl residues by 2,3-butanedione has been followed both by kinetic analyses and by the measurement of the binding of the ligand by the fluorescence of ANS.
Concomitant with chemical modification of PEPC, we observed a 16% decrease in the initial fluorescence of the ANS/protein complex. Such a decrease could be accounted for by the progressive occupancy by the arginyl reagent of binding sites on the protein. Alternatively, the modifier could nonspecifically affect the protein, changing its conformation or its oligomerization status. In the former instance, the fluorescence shift measured upon binding of a ligand involving an arginine in its binding site should be specifically reduced, but the residual fluorescence should remain unaffected. Therefore, when focused on the specific effect of the modifier on binding sites, the displacement of ANS caused by the ligand will be better expressed as a percentage of the initial fluorescence of ANS.
As established by earlier works (6, 17) , the modification of the arginyl residues affected both the inhibition ofthe enzyme by malate and the overall activity ofthe enzyme. Butanedione reduced activity to 53% and fluorescence to 63% of the control. Malate reduced activity to 34% and fluorescence to 50%, whereas Glc-6-P was without significant effect on either activity or fluorescence. The small apparent discrepancies between kinetic data and fluorescence measurements probably can be accounted for by considering the potential cross binding of PEP to the butanedione-resistant Glc-6-P (activation) site, and of malate to the PEP (active) site, illustrated in Figure 2A .
Chemical Modification of PEPC with TNBS
A similar study was carried out using TNBS, a reagent for lysyl residues (3) . In this instance, different results were obtained when comparing kinetic data with fluorescence measurements. A significant decrease of activity (to 39%) was caused by incubation with the chemical modifier, together with a decrease in malate inhibition (to 24%) and activation by Glc-6-P (48%). However, the effect of chemical modification on the initial fluorescence of the ANS-PEPC complex showed no effect of the modifier on the response of fluorescence emission to PEP (103%), malate (105%), or Glc-6-P (97%) addition. Thus, no significant change could be meas-PEP MAL X Glc-6-P lMAL ' 5 9 o = ured when expressed as a percentage ofthe initial fluorescence ofANS that was itselfreduced by 27% by TNBS. The decrease ofthe initial fluorescence of ANS was not associated with any specific changes of the ability of the ligands studied to bind to the enzyme. This indicates that lysyl residues, although essential for the catalytic and regulatory properties of the enzyme, were not specifically involved in the binding of any of the considered ligands by C. argenta PEPC.
Modification of Histidyl Residues
We next examined the effect of DEPC, a histidyl-selective reagent (9), on PEPC. A progressive decrease in the activity was measured together with a faster desensitization of the enzyme to malate, but no change in the activation by Glc-6-P could be observed. In this instance, a slight increase (about 15%) in the initial fluorescence of the ANS was detected. When considering the binding of each ligand (as measured by fluorescence), it was found that only malate binding was reduced, reaching 50% of the control level.
Because malate was shown to bind to both the active site (accounting for the competitive part of its inhibitory effect) and the (noncompetitive) inhibition site ( Fig. 2A) , we further investigated the effect of the modification of histidyl residues on malate binding (Fig. 3, trace a) . The enzyme was first fully saturated with PEP before the addition of malate. Under such conditions, the competitive binding of malate to the active site will not be seen and only the specific binding of malate at the inhibition site will be visualized upon malate addition ( Fig. 2A, trace a) . In good agreement with kinetic data indicating a nearly complete desensitization to malate, we now measured no change of fluorescence upon the addition of malate.
As expected from the increase of PEP binding (1 12%) and of the higher activity measured at low PEP (140%), the stimulation by the K-type activator Glc-6-P was reduced by more than half when expressed as a percentage, although the actual rate measured in the presence of Glc-6-P was not affected. One can speculate that the modification ofthe malate site, directly or by displacing an unidentified compound initially present in the malate site, allowed an increased binding of PEP to both the activation site and to the active site, together with an increased binding ofGlc-6-P to the activation site. This could account for the increase (+86%) of activity (measured at low PEPC) and an apparent lower activation by Glc-6-P (from 153% for the native enzyme to 35% for the modified enzyme). The actual slight increase (15%) of the initial binding of ANS also supported such an hypothesis (compare initial fluorescence upon enzyme addition in Fig.   2A and Fig. 3) .
We studied the effect of this specific modification of the inhibition site brought about by DEPC on the ability of the enzyme to bind Glc-6-P (Fig. 3, trace b) . It was previously shown (Fig. 2A, trace c) that, with the unmodified enzyme, the presence of malate prohibited any further binding of Glc-6-P. After modification of the inhibition site by DEPC, the enzyme was found able to bind Glc-6-P even in the presence of malate (Fig. 3, trace b) .
DISCUSSION
The data presented here address two aspects of the characteristics of PEPC purified from the leaves of C. argentea. The first relates to the binding of important ligands to the enzyme. The complex interactions between pH and metal ions in the control ofthe enzyme previously observed (9, 20) were shown here to be largely due to changes in the ability to bind PEP at the various pHs and to changes in the metal requirement according to the pH used (Fig. IA) . The fluorescence data provided in the present study support our previous suggestion (8, 17) that three distinct sites occur on the enzyme, accommodating PEP, malate, and Glc-6-P. Additionally, the competitive effects with respect to PEP of malate (inhibition) and Glc-6-P (activation) were found to correspond to binding interference as measured by the effects of these compounds on fluorescence of the enzyme-ANS complex (Fig. 2 , traces a and b for the malate/PEP, and traces e and f for the Glc-6-P/ PEP). Finally, the predominant effect of malate inhibition of PEPC activity on Glc-6-P activation seen in kinetic studies (Fig. 2B) was caused by the exclusion of Glc-6-P from the activation site when malate is bound to the enzyme ( Fig. 2A) .
The second aspect deals with chemical modification of the enzyme and the putative role played by the targeted amino acid residues in the enzyme reaction. We first obtained a fully coherent set of data when studying butanedione-modified enzyme by kinetic and fluorescence measurements. Together, these results establish the involvement of arginyl residues in both the active site and the inhibition site, and support the idea of a direct role of this amino acid in the binding of malate and PEP to these binding sites. In agreement with previous studies (17) , no evidence for the involvement of an arginyl residue in the (Glc-6-P) activation site was obtained. A more complex image arose when studying the enzyme modified by DEPC. On the one hand, modification of histidyl residues led both to a decreased sensitivity to malate and a decreased ability of the enzyme to bind malate at the inhibition site, suggesting a direct role of this residue in this site. (Fig. 3) . On the other hand, no relation between the decrease in activity measured upon DEPC treatment and the ability of the enzyme to bind PEP or Glc-6-P could be shown. This suggests that the histidyl residues essential for the activity and for the activation of the enzyme are probably not directly involved in the binding of these ligands; in fact, there are indications that histidine may be involved in the binding of ligands that influence the oligomeric state (10) .
Finally, no relations were observed between data obtained by kinetic studies and fluorescence measurement when studying the enzyme modified by the lysyl reagent, TNBS. The catalytic and the regulatory properties ofthe enzyme appeared deeply affected by the modifier, but no specific effect on the binding abilities of the enzyme could be detected.
Such discrepancies between kinetic studies and fluorescence measurements may be accounted for by the suggestion that modifications of essential amino acids distant from the binding sites may play a central role in the structure of this oligomeric enzyme and that such modification of the protein may have a significant effect on catalysis. It is important to note that we did not study the binding of all the compounds required for activity; in particular, no attempt was made to investigate the binding of bicarbonate to the enzyme.
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